This research aims to investigate strain rate effect on transverse compressive strength of unidirectional fiber composites. Both glass/epoxy and graphite/epoxy composites were taken into account in this study. To demonstrate strain rate effect, composite brick specimens were fabricated and tested to failure in the transverse direction at strain rate ranges from 10 -4 /s to 500/s. For strain rate less than 1/s, the experiments were conducted by a hydraulic MTS machine. However, the higher strain rate tests were performed using a Split Hopkinson Pressure Bar (SHPB). Experimental observations reveal that the transverse compressive strengths increase corresponding to the increment of the strain rates. A semi-logarithmic function was employed to describe the rate sensitivity of the transverse compressive strength. SEM photographic on the failure surfaces depicts that for glass/epoxy composites, the failure mechanism is mainly due to the matrix shear failure, however, for the graphite/epoxy composites, it becomes the fiber and epoxy interfacial debonding which could dramatically reduce the transverse compressive strengths of the fiber composites.
Introduction
Composite materials, because of their high strength/weight ratio, have been extensively used not only in aerospace industry but also in marine and automotive industries. In some of the applications, high strain rate loading may be produced, such as blast loading of a submarine hull and bird strike of an aircraft structure, and thus characterizing and modeling the high strain rate responses of composite materials is becoming an essential task. Transverse compressive strength is of concern in the design of composite structures because its value is relatively low in comparison to the compressive strength in the fiber direction. In past decades, the compressive strength of unidirectional composites has been predicted effectively and successfully by using either microbuckling model [1] [2] [3] or kink band model [4, 5] . On the contrary, there are few studies on the transverse compressive strengths and their corresponding failure mechanisms reported in the literatures. Collings [6] measured the transverse compressive strength of carbon fiber reinforced plastics with different fiber volume fractions. It was appeared that the transverse compressive strength was insensitive to fiber volume fraction, if no lateral constraints applied, and the failure was mainly controlled by the fiber and matrix interfacial bonding. Bazhenov and Kozey [7] investigated transverse compressive failure of the fiber reinforced composites indicating that the transverse compressive strength is not affected significantly by fiber volume fraction. Moreover, it was found that the main failure mechanism is the transverse shear taking place on the plane orientated around 35 to 41 degrees to the loading direction. Dynamic transverse compressive strengths of unidirectional composites have been investigated by a few researchers. Lowe [8] performed transverse compression test on T300/914 carbon/epoxy unidirectional composites at various strain rates. Experimental results revealed that both transverse compressive strength and modulus increase as the strain rate increases. Hsiao et al. [9, 10] characterized the dynamic compressive behavior of carbon/epoxy composites at strain rate up to 1800/s using a Split Hopkinson Pressure Bar. It was observed that transverse compressive strength demonstrates a significant increase with the increment of the strain rate. Vural and Ravichandran [11] investigated the transverse failure behavior of thick unidirectional S2-Glass/Epoxy fiber-reinforced composite with varying degrees of lateral confinement at strain rates from 10 -4 /s to 10 4 /s. Experimental results indicate that the compressive strength increases with the application of the lateral confinement as well as the increment of the strain rate. In this study, transverse compression tests were conducted on unidirectional glass/epoxy and graphite/epoxy composites at various strain rates. Based on the experimental results, a logarithmic function expressed in terms of the normalized strain rates was employed to describe the rate dependent behavior of the transverse compressive strength. The associated failure mechanisms were determined using the SEM on the failure surfaces and the correlation to the failure stress was discussed.
Specimen Preparation
Two material systems were employed in this study, S2/8552 glass/epoxy composites (Hexcel Company, USA) and CFA graphite/epoxy composites (Ad group, Taiwan). Seventy five ply prepreg of unidirectional S2/8552 glass/epoxy composite were laid up and then cured by following the recommended process resulting in the 5.6 mm thick composite laminates. For graphite/epoxy composites, fifty ply prepreg were fabricated and the thickness of the laminate is 6.8 mm. Composite brick specimens with 8 mm long and 8mm wide were cut from the laminates using the precision diamond saw. In order to have parallel and smooth loading surfaces, all specimens were polished using a Polishing Machine with 25.0µ aluminum oxide powers. Back to back strain gages were adhered on the specimens for the strain measurement during compression tests. The material constants for S2/8552 glass/epoxy composite are E 1 =50GPa, E 2 =20GPa, G 12 =6.9GPa and ν 12 =0.3, and for graphite/epoxy composites, they are E 1 =138GPa, E 2 =8.1GPa, G 12 =4.2GPa and ν 12 =0.27.
Transverse Compression Failure Tests
In order to investigate rate sensitivity of the transverse compressive strength, the brick composite specimens were tested to failure at different strain rates. For strain rate greater than 1/s, the experiments were performed using a Split Hopkinson Pressure Bar (SHPB). While for the strain rate less than 1/s, the compression tests were conducted using a hydraulic MTS 810 machine. High strain rate failure tests High strain rate experiments were conducted using a Split Hopkinson Pressure Bar (SHPB), a simple and effective device for dynamic tests. Fig. 1 shows the schematic of a conventional SHPB setup consisting of a striker bar, an incident bar, a transmission bar and a throw-off bar made of hardened steel bars with 13 mm in diameter. During the tests, the brick composite specimen was sandwiched between the incident bar and the transmission bar. A pulse shaper was used to produce a gently rising loading pulse which would help in extracting reliable stress-strain curves from SHPB tests [3] . This pulse shaping can be achieved using a piece of soft material inserted between the striker bar and the incident bar. A copper tab 1.5 mm thick was used as the pulse shaper in the present study. A pair of diametrically opposite gages (gage A) as shown in Fig. 1 was mounted on the incident bar to measure both the incident and reflected signals. Similarly, in the transmission bar, a pair of strain gages (gage B) was mounted to measure the transmitted pulse. The strain gages on the bars were connected to Wheatstone circuits and then amplified using a signal conditioning amplifier. The signals were then recorded using an oscilloscope at sampling rate 10MHz. Based on one dimensional wave propagation theory, the contact stress P1 between the incident bar and the specimen, and P2, the contact stress between the specimen and the transmission bar, can be extracted from the recorded signals [12] . Theoretically, the strain history of the specimen during loading can be calculated using a well known Hopkinson bar formula with expressions of displacements at the ends of the bars derived from the strain responses recorded at gage A and gage B [12] . In the present study, the strain response of the specimen was also measured using strain gage directly mounted on the specimen. It is evident that the strain history calculated based on the Hopkinson bar theory deviates from that directly measured on the specimen. Consequently, the respective strain rates obtained were also different. In this study, the strain rate measured directly from the specimen was used. The average axial strain rate in the SHPB tests was around 500/s.
Low strain rate failure tests
Low strain rate failure testes were conducted on brick specimens in transverse direction using the servo-hydraulic MTS machine with stroke control. A self-adjusting device as shown in Fig. 2 was used to eliminate potential bending moments and also to ensure the specimen to be in full contact with the loading surfaces. There are three different nominal strain rates of 10 -4 /s, 10 -2 /s and 1/s carried out on the graphite/epoxy composite specimens. On the other hand, because of the limited amounts of glass/epoxy composite materials, only two nominal strain rates of 2×10 -4 /s and 2×10 -1 /s were considered. The nominal strain rates basically were the stroke rate of the loading frame divided by the original specimen length. The corresponding true strain rates were measured by using strain gages directly mounted on the specimens. 
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It is evident that the true strain is quite different from the nominal strain. This discrepancy could be attributed to the use of the self-adjusting device shown in Fig. 2 in the compression test. Thus, the true strain curve was adopted for the calculation of the strain rate at the instance of failure taking place.
Results and Discussions
The transverse constitutive curves of unidirectional graphite/epoxy composites obtained from the compression tests at various strain rates are shown in Fig. 3 . The associated peak values in these curves were realized as the transverse compressive strength of the specimens. Apparently, the transverse compressive strengths were affected significantly by the strain rates. However, the Young's modulus (E 2 ) were not sensitive to the strain rate for the strain rate ranges from 10 -4 to 500/s. Fig. 4 The transverse compressive strength versus the strain rate for graphite/epoxy composite specimens ( s ε& =9.35×10 -5 /s).
The transverse compressive strengths of graphite/epoxy were plotted in Fig. 4 in terms of the true train rates. It is noted that the true strain rate is obtained by taking the time derivative of the true strain curve at the incipient of failure. The rate sensitivities of the failure stresses were modeled using a semi-logarithmic function expressed in terms of normalized strain rate s ε ε & & . In the formulation, σ u denotes the transverse compressive strength, and s ε& , chosen to be 9.35×10 -5 /s, indicates the quasi-static strain rate. In the same manner, the transverse compressive strengths of glass/epoxy composites together with the true strain rates were plotted in Fig. 5 . Again, a semi-logarithmic function as shown in Fig. 5 was employed to characterize the rate dependence of the transverse compressive strength. It is interesting to note that, for the same strain rate, the glass/epoxy composites demonstrate higher transverse compressive strength than the graphite/epoxy composites. The phenomena could be ascribed to the different failure mechanisms occurring on the specimens. Fig. 6 illustrates the failure specimens of graphite/epoxy and glass/epoxy composites, respectively. It is indicated that in both material systems, the failure of the specimens is dominated by shear failure occurring on the plane with around 30 to 35 degree to the loading direction. 
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By examining the failure surfaces of the specimens closely using the SEM, there are two distinct failure mechanisms observed in the glass/epoxy and graphite/epoxy composite specimens as shown in Fig. 7 . For glass/epoxy composites, the SEM photographic illustrates that there are still lots of fibers adhered with matrix indicating that matrix failure is the primary failure mechanism. However, for graphite/epoxy composites, smooth fiber surfaces and clear matrix grooves were observed on the failure surfaces, and as a result, the interface debonding (cohesive bonding failure) between the fiber and matrix is the dominant failure mechanism. The difference of the failure mechanism could be responsible for the significant distinction on the transverse compressive strength of the two material systems. Apparently, the weaker cohesive bonding on the graphite/epoxy composites would dramatically reduce its transverse compressive strength.
Conclusions
The transverse compressive strengths of glass/epoxy and graphite/epoxy composites at various strain rates were measured using SHPB and hydraulic MTS machine. Experimental results indicated that the transverse compressive strength is quite dependent on the strain rate. Moreover, the compressive strength increases when the strain rate increases. The rate sensitivity of the failure stresses can be described using a linear semi-logarithmic function expressed in terms of a normalized strain rate. The shear failure was found to be the dominant failure mode for the composite specimens within the tested strain rate ranges. By examining the failure surfaces of the specimens using the SEM, it was revealed that for the glass/epoxy composites, the main failure mode is the matrix shear failure. However, for the graphite/epoxy composites, it turn out to be the matrix and fiber interface debonding which may dramatically reduce the compressive strength of the composite materials.
